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ABSTRACT 
Power generation systems based on solid oxide fuel cells (SOFCs) offer a pathway 
to a highly efficient and pollution free energy economy. Operation of SOFCs at 
intermediate temperatures allow the use of metallic interconnects. However, the chromium 
oxide scale that forms on the metallic interconnect can volatilize and transport and deposit 
on the cathode, leading to cell performance degradation. The objectives of this dissertation 
are to understand the role of current density, cathode overpotential, humidity, and cathode 
composition on Cr-poisoning and suggest mitigation strategies based on this 
understanding.  
Conventional (La,Sr)MnO3 (LSM) cathode half-cells have been electrochemically 
studied to understand the mechanism of Cr-poisoning. The cells have been tested as a 
function of current density (and thus cathode overpotential), and humidity levels in the 
oxidant gas.  The half-cell measurements have revealed that Cr-poisoning accelerated with 
cathode overpotential (i.e. current density) and humidity. Microstructural characterization 
of tested cells found evidence of Cr-rich species at the cathode/ electrolyte interface at high 
	vi 
cathode overpotential and humidity. Based on the experimental results, a mechanism of 
Cr-poisoning has been proposed. 
With the objective of mitigating Cr-poisoning observed in LSM cathodes, 
lanthanum nickelate, La2NiO4+δ (LNO) has been studied as an alternative cathode material. 
Both half-cells and full single SOFCs featuring LNO as the working electrode/cathode, and 
ferritic stainless steel current collectors have been fabricated.  The cells have been tested 
under the same conditions as the LSM cells. The chromium deposition at the cathode/ 
electrolyte interface was much reduced for LNO compared to LSM, and the cell 
performance of cell featuring LNO cathode continually improved with time in contrast to 
the LSM cell which started to degrade during cathodic current application. Based on the 
deconvolution of the polarization losses, it was concluded that the higher tolerance of the 
LNO cathode to Cr-poisoning compared to LSM, can be attributed to maintaining a low 
cathode activation polarization. The differences in the mechanisms of Cr-poisoning 
between LSM and LNO has been clarified.  
A two-pronged strategy combining chromium-tolerant cathodes and interconnect 
protective coatings is suggested to mitigate long-term performance degradation arising 
from chromium poisoning.   
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1. Introduction 
 
1.1  Fuel cells 
With the continuing economic development pace of the developing world, the 
demand for energy continues to rise dramatically. However, as reported at the Global 
Economic Symposium (GES) [1], over 80% of our current energy need relies on coal, oil 
and gas, causing significant stresses on our energy sources. What is more, the emission of 
carbon dioxide due to the burning of fossil fuels is increasing carbon dioxide (CO2) levels 
more than 35% over the amounts recorded before the Industrial Revolution [2], which is 
the cause of climate change and the attendant global rises in temperature, loss of arctic ice, 
and sea level rise. To have sustainable energy resources and help combat climate change, 
new environmental-friendly and energy efficient resources need to be deployed.   
One such potential candidate is fuel cells. Fuel cells are devices that can convert 
chemical energy to electricity at high efficiencies and reduced greenhouse gas emissions 
[3-4]. Typically, there are three principal components in a fuel cell, cathode, electrolyte 
and anode. The hydrogen-containing fuel will be fed to the anode where it reacts through 
electrochemical reactions with the oxidant, for example oxygen, which will be fed to the 
cathode. As long as fuel and oxygen are supplied, fuel cells can produce electrical energy 
continuously. 
Fuel cells can be classified into different types depending on materials used to form 
the electrolyte [5]. Fig. 1 shows the comparisons of the different type of fuel cells. 
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Figure 1. Comparison of full cell technologies [6]  
1.2  Solid oxide fuel cells(SOFCs) 
As mentioned in section 1.1, solid oxide fuel cells have high energy conversion 
efficiency and fuel flexibility. In a typical solid oxide fuel cell (Fig. 2), there are three 
important components, cathode, electrolyte and anode. In the cathode, oxygen from an 
oxidant (typically air or 100% oxygen) is reduced to oxygen ions, which then pass through 
the solid electrolyte to the anode where they react with a fuel gas, typically reformed 
hydrocarbon fuel containing mixtures of carbon monoxide and hydrogen or pure hydrogen 
to form water and carbon dioxide and generate electrons. These electrons will transfer 
through the outer circuit to the cathode side to participate in the oxygen reduction reaction, 
and thereby, producing electrical current. The typical operating temperature for SOFCs is 
600 °C – 1000 °C. 
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Figure 2. Scheme of a solid-oxide fuel cell [8] 
SOFCs have many advantages [7] which are listed below: 
• Fuel flexibility  
• Nonprecious metal catalyst 
• High-quality waste heat for cogeneration applications 
• All solid components leading to less corrosion 
• Relatively high power density 
SOFC disadvantages: 
• Significant high-temperature materials issues 
• Sealing issues 
• Relatively expensive components/fabrication 
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1.2.1 SOFCs components 
 
Figure 3. SOFC components in a stack[9] 
Cathode 
In a SOFC, the cathode is a porous layer and provides sites for the electrochemical 
oxygen reduction reaction. In order to achieve this goal, the cathode must have [10]: 
1) High electronic conductivity (preferably more than 100 S.cm-1 under 
oxidizing atmosphere); 
2) A well-matched thermal expansion coefficient (CTE) and chemical 
compatibility with the electrolyte and interconnect materials; 
3) Adequate porosity to allow gaseous oxygen to readily diffuse through the 
cathode to the cathode/electrolyte interface;  
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4) Stability under an oxidizing atmosphere during fabrication and operation;  
5) High catalytic activity for the oxygen reduction reaction (ORR); 
6)  low cost. 
(La,Sr)MnO3 (LSM) is a typical cathode material and it fulfills all the requirements 
as a cathode material [11]. The ORR can be written as: 𝑂" 𝑔 + 4𝑒' 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 → 2𝑂'" 𝑒𝑙𝑒𝑡𝑟𝑜𝑙𝑦𝑡𝑒  
In recent years, there has been a drive towards lowering the operating temperature 
of SOFCs.  Lowering the operating temperature allows the possibility of deploying off-
the-shelf ferritic stainless steel materials as the interconnection or the bi-polar plate that 
electrically connects the cathode of one cell to the anode of an adjacent cell. However, the 
lower operating temperature introduces additional challenges. The most severe is the 
elevated polarization resistance of the cathode and the accompanying voltage loss due to 
cathode activation polarization. To overcome the elevated cathode activation polarization 
at lower operating temperatures, cathode materials with mixed ionic and electronic 
conductivity (MIEC) are good choices [12]: for example, doped LaMnO3 [13,14] mixed 
with yttria-stabilized zirconia (YSZ) which is dual-phase MEIC, La1-xSrxCoyFe1-yO3 (LSCF) 
[15-17], or La2NiO4 (LNO). 
Anode 
The anode serves as an electrochemically active layer for fuel oxidation. It is 
subjected to a reducing atmosphere compared to the cathode and it needs to fulfill the 
following requirements [13]: 
1) Chemical stability under high temperature and in reducing atmospheres. 
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2) A mixed conductor with predominant electronic conductivity. 
3) Chemical compatibility with adjacent components. 
4) A matched thermal expansion with adjoining components. 
5) High electrocatalytic activity toward oxidation of fuel gases.  
The most widely used anode material nowadays is a dual-phase ceramic-metal 
composite (cermet) comprising Ni-and yttria stabilized zirconia (YSZ) [18].  It meets all 
the listed requirements as an anode material. The fuel oxidation reaction for hydrogen 
fuel on the anode side can be written as:	𝐻" 𝑔 + 𝑂'" 𝑒𝑙𝑒𝑡𝑟𝑜𝑦𝑙𝑡𝑒 → 	𝐻"𝑂(𝑔) + 4𝑒' 𝑎𝑛𝑜𝑑𝑒  
Electrolyte 
The electrolyte in a SOFC provides a path to transfer ions that participate in half-
cell reactions from one electrode to the other, and it helps to separate the cathodic oxidizing 
atmosphere from the anodic reducing atmosphere. To obtain high energy conversion 
efficiencies, it is required to have a high ionic conductivity and low electronic conductivity.  
The most common electrolyte currently being used is yttria-stabilized zirconia (YSZ) [5]. 
Pure ZrO2 is monoclinic at room temperature and transforms to a tetragonal structure above 
1170 °C, and to the cubic structure above 2370 °C.  By doping yttria into ZrO2, the cubic 
fluorite structure can be stabilized from room temperature to its melting point (2680 °C) 
[19,20]. Concurrently, yttria doping results in a higher oxygen ion vacancy concentration 
that is also responsible for the ionic conductivity of YSZ through the following dopant 
incorporation reaction: 𝑌"𝑂: 	;<=> 2𝑌;<? +	𝑉=∙∙ + 	3𝑂=C 
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Interconnect 
The interconnect is the component that connects the cathode of one cell to the anode 
of the adjacent cell. It needs to [21]: 
1) Exhibit high electronic conductivity in both oxidizing and reducing 
atmospheres. 
2) Exhibit stability in both oxidizing and reducing atmospheres at high 
temperature. 
3) Exhibit impermeability to prevent the mixing of oxidant and fuel gases. 
With the push towards intermediate operating temperatures i.e. 600 °C - 800°C, 
metallic interconnects are being considered instead of traditional ceramic interconnects 
[22-26]. 
However, under oxidizing atmospheres at high temperature, metal oxide scales will 
form on the surface of the interconnect, which will decrease the electronic conductivity of 
the interconnect and contribute to higher area specific ohmic resistance of the cells. 
To overcome this problem, a high chromium containing ferritic stainless steel has 
been developed with the trade name Crofer 22TM. In Crofer 22, the chromium composition 
is around 20wt% - 24wt%. With high concentrations of chromium in the ferritic stainless 
steel alloy, under oxidizing atmosphere, a chromium oxide scale forms readily. The 
electrical resistivity of chromium oxide is 100 Ω cm [27], which is much higher than other 
metallic oxides. In addition, the chromium oxide volatilizes during operation which 
presents additional performance degradation challenges discussed later in this chapter.   
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1.2.2 Challenges with metallic interconnects 
As mentioned in section 1.2.1, the metallic interconnect connects the cathode of 
one cell and the anode of the adjacent cell. Ferritic stainless steels with high chromium 
concentration is the most commonly used metallic alloy interconnect. However, the 
chromium oxide which forms on the surface of the interconnect is known react with oxygen 
and water to for volatile chromium vapor phase species, chromium trioxide, CrO3, and 
chromium oxyhydroxide, CrO2(OH)2. These gas species are known to diffuse and deposit 
on the interface between electrolyte and cathode, leading to performance degradation of 
the cell [28]. 
1.3 Scope of this dissertation 
The objective of this thesis is to study the mechanism of the chromium poisoning, 
and the role of different operating and environmental variables, current density, humidity 
level in the cathode gas, and cathode composition, with the end goal of mitigating 
chromium poisoning effects.  A two-pronged strategy comprising of cathode compositional 
modifications and interconnect protective coatings have been suggested towards this 
objective.   
In Chapter 2, the fabrication of electrolyte-support half-cells with LSM as the 
working electrodes (WE) and counter electrodes(CE), YSZ as the electrolyte, and a 
chromia forming stainless steel as a current collector is described. Four different cells were 
fabricated and tested as a function of current density (zero-current load or a cathodic current 
density with 50 mA cm-2) and as a function of humidity levels (dry air or 10% humidity 
air).  
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In Chapter 3 and Chapter 4, different strategies to combat chromium poisoning are 
described. In Chapter 3, the response of a cathode material, La2NiO4+δ to chromium 
poisoning is described. Half-cells with La2NiO4+δ as the working electrode (cathode), LSM 
as the counter electrode (anode) and YSZ as the electrolyte were fabricated. As before a 
chromia forming ferritic stainless steel was placed in contact with the cathode as the current 
collector. Three different cells were tested under different conditions to compare with the 
baseline results on LSM-cathode based cell. Besides, an anode supported full-cell (i.e. a 
complete SOFC) with La2NiO4+δ as the cathode was also tested under dry air, and constant 
cathodic current.  As in the case of the half-cells, a chromia forming ferritic stainless steel 
alloy in contact with the cathode was used as the current collector.  The test data were 
analyzed using a previously developed electrochemical model to isolate the various 
polarization losses and compared against baseline LSM-cathode cells.  In Chapter 4, a 
study describing the effect of protective coatings on ferritic stainless steel current collectors 
on half-cells featuring LSM cathodes is presented.   
Finally, in Chapter 5, the conclusions from this study are summarized, and a 
comprehensive strategy to combat chromium poisoning in SOFC cathodes is presented. 
Further suggestions for future studies are presented.   
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2 Electrochemical Behaviors of (La0.8Sr0.2)0.95MnO3-δ SOFC Cathode in Contact 
with Crofer Interconnect 
 
2.1 Introduction 
Solid oxide fuel cells (SOFCs) have attracted much interest due to their high 
efficiency and their ability to be used as clean, sustainable energy sources. In recent years 
SOFC research has focused on lowering operating temperatures to between 600-800°C to 
enable the use of metallic interconnects instead of traditional expensive ceramic 
interconnects [29,30]. Metallic interconnects are preferred because of their high electronic 
and thermal conductivity, excellent mechanical properties, and stability [29].  However, 
the metallic interconnects can be deleterious to cell performance due chromium transport 
from the interconnects to the cathode causing chromium poisoning.  
Under high temperature and oxidizing atmospheres, chromium oxide scales which 
form on the surface of the interconnect will react with oxygen and water to form chromium 
gas species, such as CrO3 in dry air and CrO2(OH)2 in humidified air [31]. These gas 
species will diffuse into the bulk of the cathode and react to form solid chromium-
containing deposits on the triple phase boundaries (TPBs) between the electrode, 
electrolyte and oxidant which deteriorates the cell performance. 
Fergus at el [32] concluded that both chemical and electrochemical mechanisms are 
involved in chromium poisoning and that for an electrochemical reaction, chromium 
deposition can only occur on the triple-phase-boundaries for a purely electronic conducting 
cathode. Neumann at el [33] tested single cells at different current densities for 250 to 
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approximately 3000 hours after introduction of chromium in the system. They determined 
that cell degradation occurs only with current application and a chromium source. Without 
current, the cell only showed negligible degradation, even in contact with a chromium 
source.  Jiang at el [34-37] proposed that a chemical dissociation controls the deposition of 
chromium-containing compounds, and it is initiated by the nucleation reaction between the 
gaseous chromium species and manganese species. However, open questions about the 
mechanism of chromium deposition still remain. 
In this study, half-cells with yttria-stabilized-zirconia (YSZ) electrolytes, 
(La0.8Sr0.2)0.95MnO3- δ (LSM) electrodes and ferritic stainless steel current collectors 
simulating contact with a ferritic stainless steel interconnect have been tested at different 
current densities and humidity levels to understand the role of current density and humidity 
in chromium poisoning of LSM electrodes.  
2.2 Experiment 
2.2.1 Symmetrical cells 
Electrolyte pellets were fabricated using 8 mol% YSZ powder (Tosoh).  The 
powder was uniaxially pressed at 2 MPa for 1 min and sintered at 1450 ºC for 5 h in air 
with a heating and cooling rate of 2 ºC min-1. After sintering, the pellets were ground to a 
thickness of 700 µm with parallel surfaces.  An (La0.8Sr0.2)0.95MnO3- δ (LSM) slurry in an 
organic solvent was prepared from commercially available LSM powder (Fuelcell 
Materials Inc.) and mixed using a conventional ball milling technique. The slurry was 
screen-printed on both side of the YSZ pellets for use as working electrodes (WE) and 
counter electrodes (CE). The screen-printed electrodes on the YSZ pellet were sintered at 
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1225 ºC in air for 2 h at a heating and cooling rate of 2 ºC min-1. The thickness of the 
electrode was approximately 20 µm and the surface area was 2 cm2.  Note that since LSM 
is a conventional electronic predominant electrode, the only TBPs in the cells are the 
geometrical interface between the cathode and electrolyte. On the counter electrode side, 
silver wire was attached with silver paste and used as a reference electrode (RE). The 
distance between counter electrode and reference electrode was approximately 4 mm. 
2.2.2 Electrochemical characterization 
 
Figure 4. The cell configuration and the schematic of the setup 
Half-cells were tested using the experimental set up shown in Fig. 4. The cell was 
sandwiched between two alumina tubes, and a gold O-ring and a mica O-ring were used to 
seal the cell.  On the working electrode side, a Crofer 22 H mesh (Fiaxell SOFC 
TECHNOLOGIESTM) was applied to directly contact with the LSM working electrode for 
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use as a current collector and chromium source, and two silver wires attached to a silver 
mesh were pressed on the Crofer mesh by spring loading a honeycomb ceramic block, and 
were used as current lead and voltage probe. On the counter electrode side, a silver mesh 
with silver paste was used as a current collector, and a silver wire with a silver bead at the 
end was pressed onto it. Another silver wire was connected to the reference electrode. The 
operating temperature was 800 ºC. Dry air or 10% humidified air was circulated on the 
working electrode side and dry air was circulated on the counter electrode side. The flow 
rate was 200 cc min-1 on both sides.  
Galvanostatic current interruption (GCI) measurements [38] (PARSTAT 4000) at 
a current density of 50 mA cm-2 were performed every 24 hours after the cell was initially 
stabilized at 800 °C for 24 h. In between the electrochemical measurements, the cell was 
stabilized under (a) OCV conditions for the experiment without current, or (b) a constant 
cathodic current of 50 mA cm-2 was applied to the cells. A description of the conditions 
during the four experiments is shown in Table 1. 
Cell No. Atmosphere on WE side Current  
Cell 1 Dry air (21% oxygen) No 
Cell 2 10% Humidified air No 
Cell 3 Dry air (21% oxygen) Yes 
Cell 4 10% Humidified air Yes 
Table 1. Experimental conditions 
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The electrode performance parameters measured by GCI are summarized in Table 
2. The relationship between Ecathode and Rp, RΩ is given by, 𝐸EFGHIJK = 𝑗 𝑅O + 𝑅P                                             (1) 
where j is the current density applied to the cell. 
 
 
 
 
 
Table 2. Electrode performance parameters measured by GCI.  
Ecathode refers to the potential difference between WE and RE 	
	
2.2.3 Microstructural characterization 
After the tests, the cells were characterized by Scanning electron microscopy (SEM, 
Zeiss Supra 55) and energy-dispersive x-ray spectroscopy (EDX) to investigate the 
morphology and the composition near the TPBs. Additionally, based on the SEM and EDX 
analysis on the working electrode cross-sections, transmission electron microscopy (TEM) 
was performed to analyze the composition of the chromium deposition. A TEM lamella 
was extracted from the cathode/electrolyte interface by means of a standard in-situ lift-out 
procedure, with an accelerating voltage of 30 kV and gallium beam ion-milling, after which 
it was transferred onto a TEM half grid [39]. The final thickness of the TEM lamella was 
approximately between 300-500 nm. 
Parameter Units Description 
Ecathode V WE potential with respect to RE 
Rp Ω cm2 Polarization resistance 
RΩ Ω cm2 Ohmic resistance 
		
15 
2.3 Results and discussion 
2.3.1 The Effect of current and humidity 
Electrochemical behavior 
 
Figure 5. Cathode overpotential, and ohmic and polarization resistance of the cells as a function of 
time under different conditions. a) cell 1, with dry air and contact with Cr, without 
current; b) cell 2, with 10% humidified air and contact with Cr, without current; c) cell 
3, with dry air and contact with Cr, with current; d) cell 4, with 10% humidified air and 
contact with Cr, with current 
 
Fig. 5 shows the electrochemical behavior of LSM electrodes with and without 
current in dry air and 10% humidified air at 800 ºC. In electrochemical tests in which no 
current was applied between electrochemical measurements, the electrochemical behavior 
of the LSM cathode is stable. In cell 1 with dry air (Fig. 5a), the polarization resistance 
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stabilized at 4.5 Ω cm2. In cell 2 after introducing 10% humidified air on day 3 (Fig. 5b), 
the polarization resistance increased from 3.1 Ω cm2 to 3.6 Ω cm2, which indicates the cell 
degraded modestly due to exposure to humidity alone or due to the combined effects of 
humidity and chromium transport. Chen et al. investigated the effect of humidity on solid 
oxide fuel cell cathodes and concluded that humidity alone could degrade the cell [40]. In 
our experiments, the performance degradation is not evident without current in dry air and 
only very modest degradation as evidenced by a slightly increased polarization resistance 
is observed in 10% humidified air. 
However, for the experiments with a constant current density of 50 mA cm-2, the 
cathodic potential (WE) with respect to the reference electrode (RE) and the polarization 
resistance of the working electrode increased significantly on the first day for both 
experiments no matter in dry air (cell 3, shown in Fig. 5c) or 10% humidified air (cell 4, 
shown in Fig. 5d). Since the change of ohmic resistance for both cell 3 and cell 4 is 
negligible, the increase of cathodic potential can be clearly attributed to the increased 
polarization resistance of the cell.  For cell 3, the polarization resistance is initially 3.4 Ω 
cm2. After applying 50 mA cm-2 cathodic current for 24 h, the polarization resistance 
increased to 10.7 Ω cm2 and continued to increase over the next 7 days. For cell 4, the 
polarization resistance increased from 4.3 Ω cm2 to 11 Ω cm2 after 24 h of cathodic current 
and then leveled off. 
Microstructural Analysis 
Microstructural and compositional analysis of the cells were conducted to track the 
composition changes within the working electrodes after the electrochemical 
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measurements.  
SEM Analysis 
In the EDX spectra that were obtained from the working electrodes of tested cells, 
the  𝐿𝑎RS peak overlaps with 𝐶𝑟UV peak, and thus it is very difficult to accurately quantify 
the chromium present in the sample. So, a chromium enrichment ratio defined as, 
𝐶𝑟 − 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡	𝑅𝑎𝑡𝑖𝑜 = RFZ[\]<^_RFZ_                                         (2) 
is used as an effective metric to quantify the extent of chromium deposition [41]. 
EDX area scans of 1 µm by 10 µm are used to obtain an average Cr-enrichment 
ratio to estimate the degree of chromium poisoning. The larger the ratio, the higher is the 
degree of chromium poisoning. Baseline ratios measured on untested cells vary from 0.17 
to 0.18. 
Fig. 6a shows the EDX area scans across the whole working electrode. At the TPBs, 
for cell 1 and cell 2 without current, the Cr enrichment ratios were close to the baseline 
value, while for the cell 3 and cell 4, the ratios were much higher than the baseline value, 
which indicated a large amount of chromium is detected at the TPB. This confirmed that 
current caused chromium deposition at the TPBs which caused an increase in the 
polarization resistance of the cathode. Note that the only TPBs in LSM cell are at the 
geometrical interface between the cathode (working electrode) and the electrolyte and since 
these electrodes are made of LSM, a predominantly electronic conductor with very little 
oxygen ionic conductivity, the degradation effects due to chromium poisoning are expected 
to be greatly magnified compared to dual-phase composite MIEC electrodes or single 
phase MIEC electrodes.  This is because the rate at which electrochemically active sites at 
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the TPBs are being consumed (in some normalized sense) is much greater with a single-
phase LSM cathode compared to dual-phase or single phase MIEC cathodes. This also 
explains why the polarization resistances of cell 3 and cell 4 increased dramatically on the 
first day upon application of a cathodic current to the working electrode.  Further, though 
the nominal current density was only 50 mA cm-2, because the TPBs in the cathode are 
limited to the geometrical interface between the cathode and electrolyte, the effect of 
cathodic polarization on chromium deposition is quite magnified even at this modest 
current density.    
When comparing the enrichment ratios between cell 3 and cell 4, the enrichment 
ratio for cell 4 with applied current and 10% humidified air is 0.69, which is higher than 
the ratio for cell 3 with current and dry air. Furthermore, for cell 1 with dry air and no 
current, and cell 2 with 10% humidified air and no current, the ratios over the electrode 
were all close to the baseline value. For cell 3, with current and dry air, the ratio was higher 
than 0.5 within 1 µm away from the TPBs, and then went down close to the baseline value 
of 0.18 for the area greater than 5 µm away from the TPBs. While for cell 4 with current 
and 10% humidified air, the ratios were much higher than baseline value and extended to 
10 µm away from the TPBs. It indicated that chromium deposition could only be found 
close to the TPBs for cell 3 with current and dry air and could be found not only at the 
TPBs, but also in the bulk of the working electrode in cell 4. These results clearly show 
that humidity accelerates chromium poisoning. As mentioned in the previous section, in 
cell 3 with dry air, the polarization resistance continued to rise for 8 days, while in cell 4 
with 10% humidified air, the polarization resistance increased on the first day and then 
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leveled off.  This indicates that initially, all electrochemically active regions at the TPBs 
are free of chromium deposition. After the cathodic current is applied to the cell, the 
electrochemically active regions are gradually covered by chromium-containing species, 
which coats the TPBs and causes the polarization resistance to increase. When the 
chromium deposits cover most of the electrochemically active regions, the polarization 
resistance becomes stable. This suggests the attainment of a new equilibrium with a new 
and lower exchange current density characteristic of chromium oxide-decorated TPBs. So, 
it is concluded that 10% humidified air accelerates the degradation of the cell by chromium 
poisoning. 
 
Figure 6. a) Chromium composition gradient over the working electrode for the cells after the 
experiments; b) Vapor pressures of major chromium vapor species in dry and 
humidified air from thermodynamic calculations using HSC Chemistry® software 
This is because chromium transport to the cathode occurs through two different 
volatile species, a trioxide species and an oxy-hydroxide species according to the follow 
chemical equations: 𝐶𝑟"𝑂:(𝑠) + 	 :" 𝑂" → 2𝐶𝑟𝑂: 𝑔                                        (2) 𝐶𝑟"𝑂: 𝑠 + :" 𝑂" + 	2𝐻"𝑂 → 2𝐶𝑟𝑂" 𝑂𝐻 "(𝑔)                         (3) 
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As estimated by HSC Chemistry® software, the vapor pressure of the oxy-
hydroxide species in 10% humidified air is two orders of magnitude greater than the vapor 
pressure of the trioxide in dry air as seen in Fig. 6b. 
 
Figure 7. Cathode-Electrolyte Interface Microstructure of cell 4 after HCl Etching of Cathode 
To observe the morphology of the chromium deposition on the TPBs, the tested 
cell was immersed in 20% hydrogen chloride solution prior to microstructural analysis as 
suggested by Jiang et al. [41] to remove the LSM electrode. After removal of the LSM two 
kinds of grains were detected on the surface of the YSZ electrolyte: a number of small fine 
grains and a few large faceted grains as shown in Fig. 7. Badwal et al. [42] have speculated 
that the large faceted grains are likely a Mn(Cr,Mn)2O4 – type spinel.   In this work, this is 
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confirmed by quantitative EDX point scans showing the Cr: Mn atomic ratio to be 2: 1. 
However, it was difficult to identify the composition of the fine grains due to their size. 
The EDX beam size is too large to analyze a single fine grain so an EDX area scan was 
performed over an area of fine grains. The results showed that the average atomic ratio of 
Cr: Mn was larger than 2, which indicated that the phase was likely a Cr-rich phase, e.g. 
Cr2O3.  
TEM Analysis 
Cr-poisoning was also confirmed using a transmission electron microscope (TEM) 
[43-46]. The sample was extracted from cell 4 after testing with 10% humidified air and 
50 mA cm-2 current 
Fig. 8a gives an overview of the TEM lamellae. The electrolyte is at the bottom and 
the LSM electrode is on the top. The regions indicated by red squares are the sites for 
further analysis. 
In Fig 8b, region 1 is at the YSZ-LSM interface and region 2 is at the LSM grain 
boundary. In region 1, a phase with a high concentration of chromium is detected as 
indicated by the compositional map. The thickness of this layer is around 100 nm. It 
contains chromium, and manganese oxide, so it is presumably a (Cr,Mn)3O4 spinel. At the 
LSM grain boundary near the TBPs, Cr has also been found in combination with 
manganese. 
In another region (Fig 8c), (Cr,Mn)3O4 is located along the LSM grain boundary 
where it is 8.67 µm away from the TBPs. In the mapping, silver was also detected, which 
is assumed to be from the silver lead wire. 
		
22 
In both cases, Cr-containing compounds are detected. These results are consistent 
with the chromium gradient results from SEM. Chromium deposition occurs not only at 
the TPBs, but also at the LSM grain boundaries.  
 
Figure 8. a) SEM images of FIB lamella from cell 4 segment. The electrolyte was at the bottom, 
and red squares (Region 1 and Region 2) indicate the two regions over which detailed 
compositional analysis was performed as shown in b and c respectively 
	
2.3.2 The Effect of Time under Cathodic Current 
As mentioned in Section 2.3.1, for cell 4 with an applied current and 10% 
humidified air, during electrochemical testing, the polarization resistance increased 
dramatically on the first day after applying 50 mA cm-2 cathodic current at the working 
electrode, and then stabilizes during the following 5 days. Post-test microstructural analysis 
showed that the chromium enrichment ratios were higher than 0.4 over the whole electrode. 
This can be explained by assuming that initially, the TPBs are free of chromium deposition. 
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However, after cathodic polarization of the working electrode, the oxygen reduction 
reaction along with the chromium deposition reaction occurs at the TPBs. After a period 
of time, the TPBs are saturated with the chromium species, and the rate of oxygen reduction 
at the TPBs saturated with deposits of chromium-containing oxides like the aforementioned 
spinel is likely worse than the two-phase boundaries (LSM and air boundaries). At the next 
stage of evolution of the cathode-electrolyte interface, the chromium deposition reaction 
begins to occur at the two-phase boundaries. To confirm this assumption, two more 
experiments are performed. Cell 5 was tested with 10% humidified air and 50 mA cm-2 
cathodic current for 12 h, and cell 6 was tested with 10% humidified air and 50 mA cm-2 
cathodic current for 48 h. 
SEM and EDX analysis were performed on cells 5 and 6, and the results are 
compared with cell 2 and cell 4, as shown in Fig. 9a. For cell 2 with no current, the TPBs 
look very clean. However, after 12 h of cathodic current (cell 5), some precipitates begin 
to grow at the edges of the LSM grains and after 48 h of cathodic current (cell 6), the small 
precipitates are distributed over the entire electrode. A more worrying concern are the 
results obtained on cell 4 after 144 h of cathodic current; the small precipitates grow into 
larger particles and even result in reduced porosity. 
Fig. 9b shows Cr-enrichment ratios calculated from the EDX area scans of these 
four cells. After comparing the ratios, it is clear that initially the chromium only deposits 
at the TPBs, and at fixed cathodic current over time, the volume and extent of poisoning in 
the cathode increases. 
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Figure 9. a) SEM results of the fracture microstructure cell after the electrochemical measurements 
near the triple-phase-boundaries; b) Chromium compositional profile over the working 
electrode for the cells after the experiments 
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2.3.3 Electrochemical Reaction Mechanism of Chromium Deposition 
	
Figure 10. Electrochemical reaction mechanism of chromium deposition 
In summary, chromium deposition is very clearly observed under cathodic current, 
while without current, it is very difficult to discern whether there was any chromium 
poisoning. Under cathodic polarization, the chromium deposition occurs through an 
electrochemical mechanism while without current, chromium deposition can only occur 
through a chemical reaction.  
To investigate the chemical reaction associated with chromium deposition further, 
a cell was stabilized with 3% humidified air under 800 ºC for 8 days without current. The 
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Cr-enrichment ratio on the TPBs is 0.21, which indicates a slightly elevated level of 
chromium. This deposition is not as pronounced as the chromium deposition with current. 
With an applied cathodic current, the chromium deposition is not limited to a chemical 
reaction, and electrochemical deposition of chromium leading to three to four times the 
baseline levels of chromium enrichment is evident.  
During electrochemical reaction, chromium deposition occurs not only at the TPBs, 
but also at the boundaries of LSM grains in the bulk [47]. For stage 1 of the electrochemical 
reaction, the chromium vapor phase species diffuse to the triple phase boundary where it 
receives electrons from the cathode, and an oxygen vacancy from the electrolyte, and forms 
chromium-containing solid compounds (Fig. 10). During stage 2, the electrochemical 
activity at the TBPs decreases due to a reduced number of pristine electrochemically active 
sites, and also due to a reduced oxygen reduction rate at the poisoned TPBs. Under cathodic 
current after a period of time, the TPBs are saturated by the chromium deposition, and the 
electrochemical reduction of oxygen at the completely poisoned TPBs becomes 
competitive or even worse than the two-phase boundaries (LSM and air boundaries). 
Hence, both oxygen reduction and chromium deposition reaction begin to occur at the two-
phase boundaries [48,49], at the LSM –pore surface interface instead. The mechanism of 
this deposition is still under investigation.  The microstructure results show the formation 
of a (Cr,Mn)3O4-type spinel.  The manganese in the spinel must have originated from the 
LSM.  
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2.4 Conclusion 
The deposition of Cr on LSM electrodes has been tested under different humidity 
levels and with or without cathodic current. The cathodic current contributes to chromium 
poisoning in the cathode and the combination of humidity and cathodic current 
dramatically increases chromium poisoning. Under the application of cathodic current, 
(Cr,Mn)3O4-type spinel and Cr-rich species such as Cr2O3 form at the cathode, which 
deteriorate the cell performance. Once the TPBs are saturated by chromium deposition, 
chromium deposition occurs on pore surfaces in the bulk of the cathode. When long-term 
testing is performed in the SOFC single cell, eventually, the cathode will come to an 
equilibrium with the vapor phase where the chemical potential of Cr in the vapor phase 
equals that in the cathode.  A robust solution to the chromium poisoning challenge can be 
said to have been found, if the oxygen reduction reaction in the cathode at this equilibrium 
saturation level of Cr still occurs at acceptable rates as evidenced by the cell performance. 
Thus, a new cathode material with a higher tolerance for chromium poisoning needs to be 
deployed, or in order to prevent the chromium diffusion to the cathode, a protective coating 
with a high electrical conductivity needs to be applied to the interconnect.  These strategies 
are explored in subsequent chapters.  
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3 Lanthanum nickelate La2NiO4+δ cathode in a solid oxide fuel cell exhibits 
improved tolerance towards chromium poisoning under current load 
 
3.1  Introduction 
Intermediate temperature (600 ºC – 800 ºC) solid oxide fuel cells (IT-SOFCs) are 
being considered as potential energy conversion systems due to their high efficiency, low 
emissions [50-52]. In planar IT-SOFCs, a metallic interconnect is used to connect the 
cathode of one cell and the anode of the adjacent cell. However, chromium present in the 
ferritic stainless steel alloy used in the interconnect is known to react with oxygen and 
humidity in the atmosphere to form vapor phase chromium trioxide (CrO3) and chromium 
oxyhydroxide (CrO2(OH)2). These vapor phase species diffuse to the triple-phase 
boundaries (TPBs) between the electrode, electrolyte and oxidant where they react again 
and form complex reaction products which deteriorate cell performance [32, 53-56]. 
Although mitigation strategies such as use of coatings have slowed down Cr-poisoning of 
cathodes [57-60], it is important to understand the mechanism of chromium poisoning to 
develop poisoning-resistant cathodes.  This is the focus of this paper. Chromium-poisoning 
resistant cathodes when combined with protective coatings for interconnects offer the best 
long-term solution to chromium poisoning-induced degradation of SOFCs.  
It has been reported that Sr- and Mn-containing cathode materials (such as LSCF, 
LSM) are sensitive to Cr-poisoning. Schuler et al. [61] investigated chromium poisoning 
in (La,Sr)(Co,Fe)O3 (LSCF) cathodes after 10,000 h of SOFC stack testing and they 
detected chromium on the surface of the electrode as deposits of strontium chromate, 
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SrCrO4. We have investigated (La0.8Sr0.2)0.95MnO3-δ (LSM) half-cells in the presence of 
chromium under cathodic current and it is found that the polarization resistance increased 
dramatically because of deposition of a chromium manganese spinel (such as (Cr,Mn)3O4), 
and a chromium-rich phase such as Cr2O3 on the TPBs. Since both SrCrO4 and (Cr,Mn)3O4 
formation play a key role in the degradation of cell performance, researchers have been 
attempting to apply new Sr,Mn-free cathodes in SOFCs. As an example, Komatsu et al. 
[62] investigated the effect of chromium poisoning on peroviskite structured LaNi0.6Fe0.4O3 
(LNF) as a cathode material. They found that the cathodic overpotential was almost the 
same with a LNF cathode either with or without an interconnect which means that the LNF 
cell performance was not affected by chromium poisoning. La2NiO4+δ is another excellent 
candidate for a cathode because it is free of Sr and Mn. Besides, it has a combination of 
high surface exchange kinetics [63] and electrical conductivity [64]. 
In this study, La2NiO4+δ is applied as a cathode material. It has the Ruddlesden-
Popper (RP) structure, which is a layered structure, with alternating blocks of perovskite 
LaNiO3 and rock-salt, LaO layers [65]. 
Electrolyte-supported half-cells with LNO as the working electrode (polarized 
cathodically), and an anode-supported full-cell with LNO as cathode have been tested 
under load (zero current or non-zero current), with or without humidity in the cathode gas. 
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) 
have been used to perform post-test characterization. 
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3.2 Experiment 
3.2.1 Powder preparation 
The La2NiO4+δ powder was synthesized by solid state reaction. A stoichiometric 
mixture of precursors La2O3 and NiO were ball milled using zirconia milling media in 
ethanol for 24 h. After drying in an oven at 70 °C, the powders were calcined at 1200 °C 
for 4 h. Formation of the single phase LNO was confirmed via X-ray diffraction (Bruker 
D8 Discover). 
3.2.2 Cell fabrication 
3.2.2.1 Half-cell fabrication 
The electrolyte was made by uniaxial die pressing 8mol% Y2O3 – 92 mol% ZrO2 
powder (YSZ, Tosoh, Japan) into disks and then sintering them in air at 1450 °C for 5 h, 
with a 2 ºC min-1 heating and cooling rate. After the sintering process, the electrolyte disks 
were ground using a diamond grinding disk to a thickness of 700 µm. The configuration of 
the cell is shown in Fig. 11a. On one side of the YSZ electrolyte, a 10 mol% gadolinium 
doped ceria (GDC, Fuel Cell Materials) slurry, which was prepared by mixing GDC 
powder in alpha-terpineol (Alfa Aesar) with binder (V6, Heraeus), was screen printed and 
used as a barrier layer to avoid adverse insulating reaction products forming between LNO 
and YSZ which has been known to occur [66]. The barrier layer was sintered at 1300 ºC 
for 5 h. Then the LNO slurry, which was prepared by mixing LNO powder in alpha-
terpineol (Alfa Aesar) with binder (V6, Heraeus), was screen printed on top of the barrier 
layer for use as the working electrode. On the other side of the electrolyte, a counter 
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electrode was screen printed with a (La0.8Sr0.2)0.95MnO3-δ (Fuel Cell Materials) slurry made 
using similar methods. After screen printing both the working electrode and the counter 
electrode, the electrodes were sintered simultaneously at 1225 ºC for 2 h. The thickness of 
both the electrodes was approximately 20 µm and the porosity was approximately 40% as 
measured by using ImageJ analysis of SEM images. The electrode area was 2 cm2. On the 
counter electrode side, an electrically isolated silver loop was painted using silver paste 
and then sintered at 800 ºC for 30 min. This loop was used as the reference electrode. 
 
Figure 11. a) Half-cell configuration; b) Full-cell configuration; c) Half-cell experiment setup; d) 
Full-cell experiment setup 
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3.2.2.2 Full-cell fabrication 
As shown in Fig. 11b, a partially fabricated anode-supported cell comprising a 
Ni/8YSZ (8 mol% Y2O3 – 92 mol% ZrO2) anode substrate, a Ni/8YSZ interlayer and an 
8YSZ electrolyte was purchased from Materials and System Research Inc. (Salt Lake City, 
UT). On top of the YSZ electrolyte layer, the GDC (10 mol% gadolinium doped ceria) 
slurry was screen printed and used as a barrier layer to prevent insulating adverse reaction 
products between LNO and YSZ, and it was sintered at 1300 ºC for 5 h. Subsequently the 
LNO slurry was applied on the GDC barrier layer and the electrode was sintered at 1225 
ºC for 2 h.  Both slurries were prepared in the same manner as they were for the half -cells.  
The thickness of the cathode was approximately 30 µm and its porosity was approximately 
40% as measured by using ImageJ analysis of SEM images. The active electrode area was 
2 cm2. 
3.2.3 Half-cell Testing 
Half-cells were tested using the experimental set up shown in Fig. 11c. A Crofer 
22H mesh (Fe-Cr-Mn alloy from Fiaxell Sarl) was applied in direct contact with the 
working electrode for use as a current collector and chromium source. On the counter 
electrode side, the current collector was a silver mesh which was attached to the electrode 
using silver paste. The cell was sandwiched between two alumina tubes. A gold O-ring 
(Scientific Instrument Services, Inc.) and a mica gasket (Fuel Cell Material) were used to 
seal the cell. On the working electrode, two silver wires were attached to silver mesh which 
was pressed on the Crofer 22H mesh by spring loading a honeycomb ceramic block as 
shown in Fig. 1c. These wires were used as current lead and voltage probe. On the counter 
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electrode side, a silver wire with a silver bead at the end was pressed onto the silver mesh 
of the counter electrode and another silver wire was connected to the reference electrode. 
The operating temperature of the cell was 800 ºC. Dry air or 10% humidified air was 
circulated on the working electrode side and dry air was circulated on the counter electrode 
side. The flow rate was 200 cc min-1.  Galvanostatic current interruption (GCI) 
measurements [38] (PARSTAT 4000) at a current density of 50 mA cm-2 were performed 
every 24 hours after the cell was initially stabilized at 800 °C for 24 h. In between the 
electrochemical measurements, a constant cathodic current was applied which varied 
depending on the experiment conducted. A description of the conditions during the four 
experiments is shown in Table 3.  Note that half-cell 4 was neither subject to GCI 
measurements every 24 hours, nor did it see any current but was simply heat treated under 
the conditions noted in Table 3. 
The electrode performance parameters measured by GCI are summarized in Table 
4. The relationship between Ecathode and Rp, RΩ is given by,  𝐸EFGHIJK = 𝑗 𝑅O + 𝑅P                                                 (1) 
where j is the current density applied to the cell. 
The results for half-cell 1 and half-cell 2 are compared with the results of the LSM 
half-cell tests. 
In addition, half-cell 4 with an LNO working electrode was maintained under a Cr 
environment in dry air at open circuit. Further, as mentioned previously, no electrochemical 
measurements were conducted on this cell. Half-cell 4 was assembled into the furnace and 
heated up to temperature and then allowed to run for 8 days at open circuit, i.e. it was 
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simply thermally annealed under the conditions noted in Table 3.  The purpose of this 
experiment was to measure the baseline effects of the chemical reaction of chromium 
poisoning without the superimposed effects of the electrochemical reaction. 
Cell No. Atmosphere in WE side Current 
Half-cell 1 Dry air (21% oxygen) 50 mA cm-2 
Half-cell 2 10% Humidified air 50 mA cm-2 
Half-cell 3 Dry air (21% oxygen) 200 mA cm-2 
Half-cell 4 Dry air (21% oxygen) - 
 Table 3. Experimental conditions 
 
 
 
 
Table 4. Electrode performance parameters measured by GCI with WE and RE 
3.2.4 Full-cell Testing 
For the full-cell testing, the Crofer 22H mesh was attached on the cathode and a Ni 
mesh was applied on the anode with Ni ink (Fuel Cell Material, USA) as the current 
collectors. Fig.11d shows the schematic of the setup for the full-cell testing. The full-cell 
was sandwiched between two alumina tubes. A gold O-ring on the cathode side and a mica 
gasket on the anode side were used to seal the cell. In addition, glass paste (Fuel Cell Store) 
was applied outside the tubes to ensure gas tightness.  On the anode side, two nickel rods 
were firmly pressed on the nickel mesh and served as the current lead and voltage probe, 
Parameter Unit Description 
Ecathode V WE potential with respect to RE 
Rp Ω cm2 Polarization resistance 
RΩ Ω cm2 Ohmic resistance 
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and on the cathode side, two spring-loaded silver wires were pressed on the Crofer 22H 
mesh and served as the current lead and voltage probe similar to the configuration in the 
half-cell tests. The cell was tested at 800 °C. Dry air was circulated over the cathode at a 
rate of 1000 cc min-1, and hydrogen with 2% H2O was circulated over the anode at a rate 
of 300 cc min-1. After the cell equilibrated at open circuit voltage (OCV) for 48 h, the initial 
voltage versus current density (V-I) curve was measured. After the initial measurement, 
the cell was operated at a constant current density of 0.5 A cm-2 (galvanostatic operation) 
for 120 h, and the galvanostatic operation of the cell was interrupted only to obtain voltage 
versus current density measurements every 24 h.  During each measurement session the V-
I curves were obtained using two different oxidizing atmospheres which were dry air (21% 
oxygen) and 100% oxygen.  Measuring the V-I curves under these different conditions is 
important from the standpoint of polarization modeling as explained in Section 3.3.1.2. 
3.2.5 Microstructure analysis 
After cell testing, the cross sections of the cells were analyzed using SEM and EDX to 
investigate the morphology and composition of the deposited chromium-containing phase.   
3.3 Results  
3.3.1 The effect of cathode composition on chromium poisoning 
3.3.1.1 Half-cell Testing 
As mentioned in section 3.2.3, half-cell 1 and half-cell 2 were operated under 
different working electrode atmospheres (dry air, 10% humidified air respectively) with 50 
mA cm-2 cathodic current density. The electrochemical results for these cells are compared 
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with the results for (La0.8Sr0.2)0.95MnO3-δ (LSM) cells as shown in Fig. 12. 
 
Figure 12. Electrochemical results for: LNO half-cell and LSM half-cell under dry air and 10% 
humidified air 
 
Under dry air and 50 mA cm-2, for the LSM half-cell (Fig. 12a), the polarization 
resistance increased dramatically from 3.5 Ω cm2 to 11.5 Ω cm2 once the cathodic constant 
current was applied. From day 1 to day 8, the polarization resistance continued increasing. 
However, for the LNO half-cell (Fig. 12b), the polarization resistance decreased after 
cathodic current was applied and then increased on day 2.  After day 2, the polarization 
resistance plateaued.  This is due to cell break-in, a period during which the cell 
performance typically improves upon cathodic polarization, a phenomenon that has been 
widely observed in solid oxide electrochemical cells [67].  On day 2 the chromium 
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poisoning caused a small increase in polarization resistance. This will also be discussed in 
Section 3.3.2. 
Similar results are observed under 10% humidified air and 50 mA cm-2. The 
polarization resistance of the LSM half-cell (Fig. 12c) increased from 4.0 Ω cm-2 to 11.3 
Ω cm-2 on the first day after the cathodic current is applied, and then the polarization 
resistance leveled off. The polarization resistance for the LNO half-cell (Fig. 12d) 
decreased from 0.62 Ω cm2 to 0.4 Ω cm2 over the course of the whole experiment.  
Comparing the initial polarization resistance of the LSM half-cell and the LNO 
half-cell, it can be seen that the polarization resistance for the LNO half-cell is a factor of 
8 smaller than the polarization resistance for LSM half-cell. This is because LNO is a mixed 
ionic and electronic conductor, and LSM is a predominantly electronic conductor. The 
porosity of both electrodes is between 35 and 40% as measured by using ImageJ analysis 
of SEM images with grain sizes in the range of 2-3 µm, shown in Fig. 13a and Fig. 13b.  
The LNO working electrode in the half-cell has a slightly coarser grain size than the LSM 
working electrode. 
The electrochemical results indicate that chromium poisoning is not as deleterious 
for LNO in comparison to LSM in dry air as well as 10% humidified air.   
After the electrochemical measurements, post-test microstructural analysis was 
performed to supplement the observations from the electrochemical results. 
EDX was used to quantify the amount of chromium in the samples. The EDX 
spectrum obtained is complicated due to the interference between cerium, lanthanum and 
chromium peaks. The CeLβ (5.26) peak overlaps with the LaLβ (5.38) and CrKα (5.41) peaks. 
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Therefore, the deconvolution function of the EDAX software was used to subtract out the 
cerium peak, as shown in Fig. 13c.  In the cerium-subtracted spectrum, the LaLβ and CrKα 
peaks overlap and they are difficult to separate. Thus, a Cr-enrichment ratio as defined in 
Eq. 2 has been used as an effective metric to judge the extent of the chromium deposition. 
The higher this ratio, the higher the chromium content in the sample [68]. 𝐶𝑟 − 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡	𝑅𝑎𝑡𝑖𝑜 = 	 RFZ[\]<^_RFZ_                                             (2) 
A baseline ratio of approximately 0.17 is measured with a pristine Cr-free LSM cell.  
Fig. 13d and Fig.13e show the chromium concentration gradient across the working 
electrode. Each point shows the Cr-enrichment ratio obtained by scanning an area which is 
1 µm thick by 10 µm long. Fig. 13d compares the LNO and LSM half- cells which operated 
under dry air and 50 mA cm-2, and Fig. 13e compares the LNO and LSM half-cells which 
operated under 10% humidified air and 50 mA cm-2. 
As shown in Fig. 13d and Fig. 13e, the Cr-enrichment ratio at the TPBs for LNO is 
much smaller than the ratio for LSM in both cases. This is in accord with the results of 
electrochemical measurements. The chromium poisoning at the TPB is significantly 
reduced in an LNO working electrode compared to an LSM working electrode. 
For the LSM working electrode, the Cr-enrichment ratio is very high at the TPBs 
and decreases with distance away from the TPBs. However, for the LNO working electrode, 
the Cr-enrichment ratio increases with distance from the TPBs. In other words, the Cr-
enrichment ratio is highest at the interface between the Crofer sheet and electrode. This 
will be discussed in detail in Section 3.4.  
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Figure 13. The microstructure of: a) LNO working electrode and b) LSM working electrode; c) the 
EDX spectrum before and after deconvolution; The chromium concentration gradient 
for LSM working electrode and LNO working electrode for the cell after 
electrochemical measurements under d) dry air and e) 10% humidified air 
 
3.3.1.2 Full-cell Testing 
Fig. 14a and Fig. 14c show the V-I curves and power density versus current density 
(P-I) curves, for a complete single SOFC (henceforth referred to as a “full-cell” to 
distinguish it from the previously discussed half-cells), comprising an LNO cathode, 
measured every 24 h. These results are compared with the V-I and P- I curves as shown in 
Fig. 14b and Fig. 14d, for an LSM full-cell which is run under identical conditions by Wang 
et. al. [69]. For the LNO full-cell, the power density improved every day. The initial 
maximum power density for the LNO full-cell is 0.38 W cm-2, and after 120 h of 0.5 A cm-
2 galvanostatic current, the maximum power density increased by 37% to 0.52 W cm-2. 
However, for the LSM full-cell, the performance decreased every day. The initial 
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maximum power density for the LSM full-cell is 0.44 W cm-2 and it decreased by 44% to 
0.24 W cm-2 after 120 h of constant current operation. 
We applied a polarization model used in a number of our prior publications and 
originally due to Kim et al. [69-76] to examine the effect of the Cr-poisoning on individual 
polarization losses. In this model the operating cell voltage is related to the open circuit 
potential and various polarization (ohmic, activation and concentration) losses according 
to: 𝐸E = 	𝐸a − 𝑖𝑅Ω −	𝜂FEG −	𝜂F,EIeE −	𝜂E,EIeE                                (6)  
where i is the current density, RΩ the area specific ohmic resistance of the cell, ηact 
the activation polarization, ηa,conc the anodic concentration polarization, and ηc,conc the 
cathodic concentration polarization. 
The ohmic loss is due to the resistance to transport of ions and electrons in all 
components, and contact resistances at interfaces between all the components. 
Activation polarization is caused by slow charge transfer reactions between the 
electronic and ionic conductors at the three phase boundaries and two-phase interfaces. It 
is expressed by the Butler-Volmer equation [70-73]: 𝑖 = 	 𝑖aexp	(Veijklmno ) −	 𝑖aexp((p'V)eijklmno )                                    (7) 
where i0 is an exchange current density, α is the transfer coefficient, which is 
usually taken to be 0.5 for the fuel cells [70], F is the Faraday constant, and n is the number 
of electrons transferred per reaction (elementary step), which is taken to be 1 for this work. 
Eq. 7 can be rearranged to:  
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𝜂FEG = 	 "nom ln p" sst + 	 sst " + 4                                     (8) 
With low fuel utilization (98% H2 – 2% H2O), the anodic activation polarization is 
negligible, according to Yoon et al. [77]. Neglecting anodic activation polarization, Eq. 5 
can be simplified to 
𝜂FEG 	≈ 	 𝜂FEG,E 	= 	 "nom ln p" sst,k + 	 sst,k " + 4                              (9) 
Concentration polarization occurs due to the slow mass transport of gaseous 
reactants and product species through the porous anode and cathode.  The anodic 
concentration polarization with H2 – H2O gas mixture can be expressed from the Nernst 
equation [73-75]: 
𝜂EIeE,F = 	 no"m ln Pv> jw ∙Pv>x jyPv> jy ∙Pv>x jw = −no"m 1	 − 	 ssj{ + 	 no"m ln 1 + 	 Pv>t sPv>xt sj{      (10) 
where  𝑝}" Fs , 𝑝}"= Fs  are the partial pressure of hydrogen and water vapor at the 
interface between the anode and electrolyte, 𝑝}" Fa , 𝑝}"= Fa  are the partial pressures of 
hydrogen and water vapor on the anode surface, respectively, and 𝑖F~ is the anodic limiting 
current density which is related to the thickness of the anode, the effective diffusivity, and 
the availability of reactants in the gas phase. 
The cathodic concentration polarization is: 
𝜂EIeE,E = − nom ln Px> kyPx> kw = − nom ln 1	 − 	 ssk{                            (11) 
where 𝑝=" Ea , 𝑝=" Es  are the partial pressure of oxygen on the cathode surface and at the 
interface between cathode and electrolyte, respectively, and 𝑖E~  is the cathodic limiting 
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current density. 
Finally, the relationship between the current density and voltage is obtained by 
substituting Eq. 9, 10, and 11 into Eq. 6: 
𝐸] = 	𝐸a	 − 𝑖𝑅Ω	 − 2𝑅𝑇𝐹 ln 12 𝑖𝑖I,E + 	 𝑖𝑖I,E " + 4
+ 	 𝑅𝑇4𝐹 ln 1	 − 	 𝑖𝑖E~
+ 	 𝑅𝑇2𝐹 ln 1	 − 	 𝑖𝑖F~ − 	 𝑅𝑇2𝐹 ln 1 + 	 𝑝}>I 𝑖𝑝}>=I 𝑖F~ 																																								(12) 
The first step in the modeling process is to fit the curves obtained under 100% 
oxygen. For these curves it can be assumed that the concentration polarization across the 
cathode is zero because the limiting cathodic current, 𝑖E~, at high oxygen partial pressure 
approaches infinity making the cathodic concentration polarization approach zero [76].  
This limits the fitting parameters to the anodic limiting current density 𝑖F~, area specific 
resistance RΩ and the exchange current density 𝑖I,E.   
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Figure 14. The I-V curves for: a) LNO full-cell and b) LSM full-cell; Experimental data and fits 
for c) LNO full-cell and d) LSM full-cell; The microstructure for e) LNO full-cell; The 
chromium concentration gradient for LNO cathode for the cell after electrochemical 
measurements under f) dry air. 
In a second step, the curves obtained under dry air are fit using the same value of 
RΩ because the area specific ohmic resistance is not expected to be a strong function of the 
gas atmosphere. Further, the anodic limiting current density (𝑖F~) is treated as a constant 
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since the anode gas flow rate and composition of anode gas are fixed [77].  Now the only 
remaining fitting parameters under dry air are the cathodic limiting current density 𝑖E~, 
which is no longer infinity and the exchange current density which changes with cathode 
gas composition.  
Using the above fitting approach and assumptions, the effects of Cr-poisoning on 
the cell performance are evaluated. Fig. 14c and Fig. 14d show the fitting results for the 
LSM full-cell and the LNO full-cell, and Table 3 shows the fitting parameters: area specific 
ohmic resistance, RΩ (Ω cm2), cathodic exchange current density, 𝑖I,E (A cm-2), cathodic 
limiting current density, 𝑖E~ (A cm-2), and anodic limiting current density, 𝑖F~ (A cm-2). To 
obtain reasonable fits for the LNO cell it was necessary to only change the 𝑖I,E .  All other 
parameters for the LNO cell were left unchanged from their values at 0 h.  Note that after 
120 h of 0.5 A cm-2 galvanostatic operation, the performance of the LSM full-cell 
deteriorates so substantially that the maximum current density only reaches 0.9 A cm-2. 
With this limited data set we are unable to deconvolute the various polarization losses.  
Therefore, we used a simple linear fit to the LSM full-cell V-I data after 120 h of 
galvanostatic operation. The total resistance which is inclusive of the ohmic, activation and 
concentration polarization phenomena is 1.07 Ω cm2. For comparison, we calculate the 
total resistance for each of the cells at a specified current density. The definition of the total 
area-specific resistance is given in Eq. 13 below (the absolute value of the derivative of the 
cell voltage in Eq. 12 with respect to the current density at a fixed current density). The 
total resistance of the cells, as well as the deconvoluted resistances associated with ohmic 
polarization, activation polarization, and anode and cathode concentration polarizations are 
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all evaluated at i = 0.45 A cm-2 and listed in Table 5.  These resistances are simply the 
derivatives associated with each polarization term in Eq. 12.  The current density of i = 
0.45 A cm-2 was chosen as it is the current density at which the LSM cell performance after 
120 h of operation reaches maximum power density. 𝑅GIG = 	 JJs sa.                                                         (13) 
Table 5. Fitting parameters for LSM full-cell and LNO full-cell 
Comparing each cell over 120 h of operation, the total resistance at i = 0.45 A         
cm-2 for both the LSM and the LNO cell are roughly equal at the start of the cell tests, 0.65 
and 0.69 Ω.cm2.  However, the total resistance at 0.45 A cm-2 decreases for the LNO full-
cell by 20%, whereas it increases for the LSM full-cell by 65% over the 120 h period. The 
decrease in the total resistance of the LNO cell can be completely attributed to the decrease 
in the activation polarization resistance arising from the increase in the exchange current 
Fitting Parameters LNO LSM 
0 h 120 h 0 h 120 h 
io (A cm
-2
) 0.12 0.34 0.146 - 
ias (A cm
-2
) 3.27 3.27 2.21 - 
ics (A cm
-2
) 1.50 1.50 1.76 - 
RΩ (Ω·cm2) 0.2 0.2 0.169 - 
Rconc,cathode (Ω·cm2)  at i = 0.45 A cm
-2
 0.022 0.022 0.018 - 
Rconc,anode (Ω·cm2)  at i = 0.45 A cm
-2
 0.106 0.106 0.120 - 
Ract (Ω·cm2) at i = 0.45 A cm
-2
 0.363 0.226 0.345 - 
Rtot (Ω·cm2) at i = 0.45 A cm
-2
 0.69 0.55 0.65 1.07 
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density.  The cells are identical in all respects except for the cathode, and the required GDC 
barrier layer in the case of the LNO cell. The observed decrease in the total resistance of 
the LNO cell, and the increase of the total resistance of the LSM cell provide conclusive 
evidence for higher tolerance to chromium poisoning of LNO over LSM. 
SEM and EDX analysis have been used to determine the chromium concentration 
in the LNO full-cell. The chromium concentration gradient is shown in Fig. 14f. The results 
are similar to the results for the half-cells which are shown in Fig. 13d. The Cr-enrichment 
ratio is high at the triple-phase boundary and on the surface of the cathode. 
3.3.2 The effect of current density on chromium poisoning 
LNO half-cell 3 is operated under dry air and 200 mA cm-2 and the electrochemical 
results are compared with the results for LNO half-cell 1 under dry air and with 50 mA  
cm-2, as shown in Fig. 15a and 15b.  
The overall trends for the results are similar. However, the polarization resistance 
for half-cell 1 decreases from 0.51 Ω cm2 on day 0 to 0.34 Ω cm2 on day 1 and then 
increases to 0.56 Ω cm2 in the following 3 days. For half-cell 3, the polarization resistance 
is 0.49 Ω cm2 initially and then decreases to 0.21 Ω cm2 on day 8. 
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Figure 15. The electrochemical results for LNO half-cell under dry air a) with 50 mA cm-2; b) with 
200 mA cm-2; The chromium concentration gradient for LNO half-cell under dry air 
with c) half-cell 1(50 mA cm-2), half-cell 3 (200 mA cm-2) and d) half-cell 4 (without 
Current) 
 
 
The observed results can be explained by assuming that there are two competing 
and concurrent phenomena, cell break-in and chromium poisoning. The cell break-in 
process decreases the polarization resistance and the chromium poisoning process 
increases the polarization resistance. When operated at 50 mA cm-2, with the working 
electrode polarized cathodically, the effect of the cell break-in process dominates the 
chromium poisoning process, and on day 1 to day 3, chromium poisoning process 
suppresses the effect of the cell break-in process. However, at 200 mA cm-2, the effect of 
cell break-in process is much greater due to the higher current density, so that the effect of 
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chromium poisoning cannot be observed in the polarization resistance over the duration of 
the experiment.  
The microstructure and composition of half-cell 3 were determined by SEM and 
EDX. The chromium concentration gradient is shown in Fig. 15c. The Cr-enrichment ratio 
for half-cell 3 is much higher at the TPB than the Cr-enrichment ratio for half-cell 1. This 
result confirms that high current density increases the reaction rate of the electrochemical 
chromium deposition reaction. 
3.3.3 The baseline chemical reaction for chromium poisoning 
In order to explore the existence of a purely chemical reaction, as mentioned in 
Section 4.2.3, LNO half-cell 4 was also tested at 800 °C in dry air, in direct contact with a 
Crofer 22H interconnect for 8 days.  No electrochemical tests were performed on this cell. 
The Cr-enrichment ratio profile measured using SEM-EDX is shown in Fig. 15d. 
The Cr-enrichment ratio at the TPBs is close to the baseline value, however, as the 
distance from the TPBs increases, the Cr-enrichment ratio increases. This trend indicates 
that a chemical reaction between chromium gas species and the LNO cathode material does 
exist.  
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3.4 Discussion 
 
Figure 16. The compositional results for the half-cells under different experimental conditions 
By comparing the results of the LSM – cells and the LNO – cells, it is evident that 
LNO has a higher tolerance to Cr-poisoning than LSM in both half-cell and full-cell tests. 
When the compositional results for all four half-cells are combined (Fig. 16), a few 
salient comments can be made: 
1. Electrochemical chromium poisoning reaction 
At the triple-phase-boundaries (TPBs) for each LNO half-cell, the Cr-enrichment 
ratios exhibit the following trend: 𝑅EK" > 	𝑅EK: > 	𝑅EKp ≈ 	𝑅EK 	≈ 𝑅F~KseK = 0.17 
This trend indicates that the electrochemical chromium poisoning reaction is 
occurring at the TPBs, where during current passage, the chromium vapor phase species 
obtain electrons and react with oxygen to form chromium-containing solid products.  
Further, the results show that humidity and high current density accelerate and enhance 
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chromium poisoning. This is consistent with the higher total vapor pressure of chromium 
containing species in 10% humidified air than in dry air [30]. 
The Cr-enrichment ratio at the TPBs for the full-cell is also higher than the baseline 
ratio, which confirms the existence of an electrochemical chromium poisoning reaction 
In transition metal perovskite oxides in which oxygen vacancies are the 
predominant oxygen point defects, chromium deposition is thought to occur through the 
following oxygen vacancy-mediated reaction: 
2CrO3 (g) + 3𝑉=∙∙ + 6𝑒? à Cr2O3 (s) + 3𝑂=C                   (14) 
Under normal SOFC operation, under current load, there is a distribution of oxygen 
partial pressure, decreasing from the air/cathode interface to some lower value that depends 
on the average cell current density and the microstructure of the cathode.  Thus, the oxygen 
vacancy concentration is higher closer to the electrolyte/cathode interface. This drives the 
enhanced formation of chromium oxide near the TPBs and gives rise to an enhanced 
enrichment ratio (defined previously), close to the TPBs. Under open circuit potential 
where the oxygen vacancy concentrations are lower (i.e. equilibrated with air across the 
cathode), the enrichment ratio is quite low across the cathode thickness, and is elevated 
only near the electrolyte/electrode interface. In fact, this is observed in conventional 
cathodes such as strontium-doped lanthanum manganite (LSM). 
By contrast, in La2NiO4 the predominant oxygen point defects are oxygen 
interstitials. The concentration of oxygen interstitials in materials that have predominant 
anion Frenkel defects increases with increasing oxygen partial pressure.  Since oxygen 
interstitials and not vacancies are the predominant oxygen point defects at higher oxygen 
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partial pressures, the oxygen vacancy concentrations are not expected to rise as rapidly in 
La2NiO4 and related materials as in conventional perovskite cathode materials.  Thus, there 
is no rise in the enrichment ratios across the cathode thickness except at the 
electrolyte/cathode interface where the oxygen partial pressure is expected to be the lowest.   	
2. Chemical chromium poisoning reaction 
The Cr-enrichment ratios increase with distance from the TPBs for the LNO cells, 
and the Cr-enrichment ratios on the surface of the cathode are always approximately 0.28, 
which appears to suggest a relationship with the solubility limit of chromium in LNO. 
Egger et al. [78] investigated the long-term behavior of La2NiO4+δ as an electrode 
material under a Cr-containing atmosphere with convergent beam electron diffraction 
(CBED). They conclude that the product phase that forms upon exposure to chromium is a 
LaNi1-xCrxO3 perovskite.  Further, they conclude from TEM-EDX measurements, that the 
Cr/Ni-ratio in the product perovskite phase is 0.3: 0.7. We performed X-ray diffraction on 
the surface of LNO full-cell before and after testing as well as on the bulk of the LNO full-
cell after testing, as shown in Fig. 17. As can be seen, a solid single phase of LaNi1-xCrxO3 
perovskite was detected on the surface of the LNO-cell after test. 
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Figure 17. X-ray diffractions of LNO-cell before and after test 
In order to identify the composition of the chromium phase in this work, detailed 
EDX line scans were performed, and they are shown in Fig. 18. Based on the line scan 
results, average ratios of Cr to Ni in the purple rectangles near the surface of the cathode 
were calculated. The ratios were also determined to be approximately 0.3: 0.7, which 
indicates that on the surface of the La2NiO4 cathode, the chromium dissolves into the 
LaNiO3 blocks of the La2NiO4+δ structure to form LaNi0.7Cr0.3O3 consistent with the 
observations of Egger et al. [78]. 
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Figure 18. The line scans for LNO cells after the experiments: a) half-cell 1 with dry air and 50mA 
cm-2 current; b) half-cell 2 with 10% humidified air and 50mA cm-2 current; c) full-cell 
with dry air and 0.5A cm-2 current; d) the detailed TPB for full-cell with dry air and 
0.5A cm-2 current 
According to Yang [79], LaNi1-xCrxO3 crystallizes in the rhombohedral structure 
for 0 ≤ x < 0.2 and in the orthorhombic structure for x > 0.3. Both phases co-exist for 0.2 
≤ x ≤ 0.3. 
The results in this work show that x = 0.3, which indicates that the LaNi1-xCrxO3 in 
the La2NiO4+δ is close to the two-phase regime. Since the cells were electrochemically 
tested for less than 200 h, it is possible that this apparent saturation point is transient.  After 
longer term cell operation, with additional chromium pickup in the cathode, the LaNi1-
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xCrxO3 phase may switch to the orthorhombic structure. These are open questions and the 
long-term electrochemical performance of LNO in the presence of chromium impurities 
needs to be evaluated. 	
3. Lanthanum diffusion layer 
Another interesting detail of the line scans shown in Fig. 18d is at the interface 
between the GDC barrier layer and the LNO cathode where lanthanum diffusion into the 
GDC barrier layer occurs.  
In recent work Cetin et al. [80] report that in contact with ceria, La2NiO4 
decomposes at elevated processing temperatures, and the decomposition product La2O3 
dissolves into the ceria phase. The results of the lanthanum line scans show lanthanum 
diffusion into the GDC layer, consistent with the findings of Cetin et al. [80].  
The lanthanum diffusion layer is only formed during the electrode sintering process 
at 1225 °C.  Further, the decomposition of La2NiO4 and the subsequent diffusion into the 
GDC layer is self-limiting once the solubility limit of La2O3 in GDC is attained. The 
combined solubility of rare-earths La and Gd in CeO2 is close to a cation site fraction of 
0.46 according to Cetin et al. [80].  Montenegro-Hernandez et al. [81] conclude that 
La2NiO4 prepared by solid state reaction in contact with GDC does not show any reactivity 
after annealing at 900 °C for 72 hrs. Thus, La2NiO4 should be stable against further 
decomposition in contact with GDC during extended electrochemical testing at 800 °C. 
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3.5 Conclusion 
La2NiO4 has a higher tolerance for chromium poisoning than LSM. SOFCs 
featuring LNO cathode perform well under different experimental conditions with a 
chromium atmosphere. Electrochemical test results show that chromium poisoning is not 
as deleterious for LNO in comparison to LSM in dry air as well as 10% humidified air. 
Post-test compositional analysis using SEM-EDX shows that the Cr-enrichment ratio on 
the TPBs for the LNO-cathode cells is much smaller than that for the LSM-cathode cells 
under identical test conditions.  The Cr-enrichment ratio increases as the distance from the 
TPBs increases. Two kinds of reactions with the chromium impurity, electrochemical and 
chemical, are occurring in the LNO cathode. In the electrochemical chromium poisoning 
reaction, both high current density and humidity accelerate the chromium poisoning. For 
the chemical reaction, the chromium dopes into the B-site of the LaNiO3 perovskite-blocks 
in the La2NiO4 structure. However open questions still remain about the long-term 
electrochemical performance of the La2NiO4 cathode.  The GDC barrier layer which is a 
necessary component at the cathode/electrolyte interfaces that employ LNO cathodes 
appears to be stable during cell operation consistent with prior determination of phase 
equilibria in this system. 
  
		
56 
4 Mitigation of Chromium Poisoning in SOFC by Interconnect Coatings 
 
4.1  Introduction 
In order to build an SOFC stack, single cells are assembled into a stack using 
metallic interconnects which connect the cathode of one cell and the anode of the adjacent 
cell. However, as discussed previously, the chromium from the metallic interconnect forms 
volatile vapor phase species, which deposit elsewhere as chromium containing complex 
oxide phases in electrochemically active regions which deteriorate performance 
[31,32,69,82].   
One of the strategies to suppress volatilization from the interconnect is the 
application of a protective coating on the ferritic stainless steel interconnect.  The coating 
needs to fulfill the following requirements: 1) high conductivity; 2) matched thermal 
expansion coefficient (CTE) with the metallic interconnect; 3) chemical stability with the 
components of the fuel cell [83,84]. The most common coatings are spinels, which are 
good electronic conductors, show excellent CTE match with the interconnect and have an 
excellent capability for absorbing Cr species.  
In this work, CuMn1.8O4 was chosen due to its high conductivity, and it was coated 
onto the surface of Crofer 22H mesh interconnects with electrophoretic deposition (EPD) 
[57-59]. The coated Crofer 22H was reduced at 1000 °C for 24 h, after which it was re-
oxidized at 750 °C for 100 h to densify the coating.  The CuMn1.8O4 coated Crofer 22H 
was electrochemically tested as an interconnect on an LSM half-cell. To compare the 
effectiveness of the coating, uncoated Crofer 22H and a CuMn2O4-coated Crofer 22H 
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which was commercially obtained were also electrochemically tested. Scanning electron 
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were used to do the 
post-test microstructural and microchemical analysis. 
4.2 Experimental 
4.2.1 Half-cell fabrication 
Yttria-stabilized zirconia electrolyte disks were made from 8mol% Y2O3 doped 
ZrO2 powder (YSZ, Tosoh, Japan) by uniaxial die pressing. They were sintered in air at 
1450 ºC for 5 hours. The thickness of the sintered disk was approximately 700 microns and 
the diameter measured 28 mm. La0.8Sr0.2MnO3-δ (LSM) slurry was prepared by mixing 
La0.8Sr0.2MnO3-δ (Fuelcellmaterials) powder in alpha-terpineol (Alfa Aesar) with the 
desired amount of pore former (Carbon lampblack, Fisher Scientific) and binder (V6, 
Heraeus).  The slurry was applied on both sides of the electrolyte by screen printing to be 
used as working and counter electrodes. The electrodes were sintered in air at 1225 ºC for 
2 h. The thickness of the electrodes was approximately 20 µm and the surface area was 2 
cm2. A silver wire loop was attached using silver paste around the counter electrode to be 
used as a reference electrode which was electrically isolated from the counter electrode. 
The distance between the counter electrode and the reference electrode was approximately 
4 mm.   
4.2.2 Electrochemical cell testing 
Three different metallic interconnects, bare Crofer 22H, commercially obtained 
CuMn2O4 - coated Crofer 22H and lab-fabricated CuMn1.8O4-coated Crofer 22H were 
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tested electrochemically in LSM half-cells. The interconnect was attached to the LSM 
working electrode with LSM slurry and used as both the current collector and Cr source. 
Silver mesh was attached to the counter electrode with silver paste and used as the current 
collector. The assembled cell was sandwiched between two alumina tubes. A gold O-ring 
(Scientific Instrument Services, Inc.) and a mica gasket (Fuel Cell Materials) were used to 
seal the cell. On the working electrode, two silver wires were pressed onto the Crofer 22H 
mesh by spring loading as the current lead and voltage probes. On the counter electrode 
side, a silver wire with a silver bead was pressed onto the silver mesh and a second silver 
wire lead was connected to the reference electrode. All the electrochemical tests were 
performed at 800 °C. Dry air was circulated over both the working electrode and counter 
electrode, and the flow rate was 200 cc min-1.  
After the cell equilibrated at 800 °C for 24 h, a constant cathodic current of 50 
mA cm-2 was applied to the cells. Galvanostatic current interruption (GCI) measurements 
[38] with a cathodic current density of 50 mA cm-2 applied to the working electrode were 
performed every 24 hrs.	
4.2.3 Microstructure analysis 
After cell testing, the cross sections of the cells were analyzed using scanning 
electron microscopy and energy-dispersive X-ray spectroscopy to investigate the 
morphology and composition of the deposited chromium containing compounds.   
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4.3 Results 
4.3.1 Microstructure of coating before and after the electrochemical testing 
The commercially coated Crofer 22H and CuMn1.8O4-coated Crofer 22H were 
mounted and polished to investigate the microstructure of the coating layer using SEM 
before and after the electrochemical testing. The microstructures are shown in Fig 19.   
 
Figure 19. Microstructure of coating before and after the electrochemical testing: The 
commercially coated Crofer 22H: a) before test and b) after test; The CuMn1.8O4-
coated Crofer 22H: c) before test and d) after test. 
Fig. 19a shows the commercially coated Crofer 22H before the experiment. The 
thickness of the coating is approximately 10 µm and it is rather porous. After the 
experiment, the coating densified by reacting with chromium and the thickness decreased 
to 5 µm, as shown in Fig. 19b. 
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Fig. 19c and Fig. 19d show the CuMn1.8O4-coated Crofer 22H before and after the 
experiment. Before the experiment, the coating is very dense and the thickness is 
approximately 13 µm.  After the experiment the microstructure is largely unchanged. 
4.3.2 Electrochemical performance 
As mentioned in Section 4.2.2, three different kinds of interconnects were tested 
with LSM-based half-cells, uncoated Crofer 22H, commercially CuMn2O4-coated Crofer 
22H, and lab-fabricated CuMn1.8O4-coated Crofer 22H. The LSM half-cells were 
electrochemically tested under dry air with 50 mA cm-2 constant cathodic current for 192 
h to 336 h. 
Fig. 20 shows the electrochemical results for the cells. For all the cells, the change 
in ohmic resistance over time was negligible and therefore the change in cathodic potential 
over time is clearly attributable to the increase in polarization resistance of the cell.   
 
Figure 20. The electrochemical results for the cells 
With uncoated Crofer 22H the polarization resistance continually increases with 
the application of current (with the working electrode polarized cathodically) for 8 days. 
The polarization resistance was initially 3.6 Ω cm2 and after 24 h of current application, 
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the polarization resistance increased dramatically to 11.1 Ω cm2, which indicated that a 
substantial degradation of the cathode (working electrode)/electrolyte had occurred. This 
degradation is due to chromium poisoning which occurs when electrochemically active 
TPBs are covered by chromium-containing compounds which increase the polarization 
resistance of the cell. The degradation mechanism is explained in more detail in the 
previous chapter.  Briefly, the oxygen reduction rate at pristine TPBs per unit TPB length 
is greater than at TPBs poisoned by chromium.  The reduction in the oxygen reduction rate 
results in the increase of the polarization resistance associated with the oxygen reduction 
reaction. 
The polarization resistance decreased for both cells featuring coated Crofer 22H 
current collectors at the working electrode, upon current application. This is due to cell 
break-in, a period during which the cell performance typically improves upon cathodic 
polarization. It has also been observed on LNO half-cells as we discussed in Chapter 3. 
However, the polarization resistance of the cell with commercially obtained 
CuMn2O4-coated Crofer 22H continually decreased for the first 240 h, and then it increased 
modestly (from 2.29 Ω cm2 to 2.44 Ω cm2) over the next 96 h, which indicated that some 
minor degradation was observed after 240 h of current. For the cell with lab-fabricated 
CuMn1.8O4-coated Crofer 22H, the polarization resistance continually decreased for 336 h 
of current, and no degradation was observed.   In fact, at the end of 336 h of galvanostatic 
testing, the working electrode potential and the polarization resistance continued to 
decrease.    
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4.3.3 Microstructure and compositional analysis of the cell after the 
electrochemical test 
SEM and EDX were used to examine the microstructure and composition of the 
cell cross section after electrochemical testing.  The presence of chromium was analyzed 
by EDX. However, the LaLβ peak overlaps with CrKα peak on the spectrum and thus it is 
difficult to determine the exact chromium composition in the sample. We once again 
deployed the Cr – enrichment ratio, which has been defined in the previous section, is as 
an effective metric to judge the extent of the chromium deposition. The higher the ratio, 
the more chromium was present in the sample. 
Fig. 21 shows the chromium enrichment ratio profiles across the entire working 
electrode. Each point on the profiles represents an area scan which was 1 µm by 10 µm. 
For the cell with bare Crofer 22H, the Cr- enrichment ratio on the TPBs was 0.54, which 
was much higher than the baseline value of 0.17 which was measured on a chromium-free 
sample. The chromium could even be detected 3 µm away from the TPB. For the cell with 
commercially obtained CuMn2O4-coated Crofer 22H, the Cr-enrichment ratio of 0.25 was 
a little higher than the baseline value, but much lower than the Cr- enrichment ratio for the 
cell with uncoated Crofer 22H at the TPB. The Cr- enrichment ratio for the cell with lab-
fabricated CuMn1.8O4-coated Crofer 22H was very close to the baseline value at the TPBs 
located at the geometrical interface between the cathode and electrolyte. This indicates that 
the lab coated Crofer 22H performed better than the commercially coated Crofer 22H 
which performed much better than the bare Crofer 22H.  The coating clearly helped to 
mitigate chromium poisoning.  The lab coated Crofer 22 H outperformed the commercially 
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coated Crofer 22H, presumably due to its dense microstructure as seen in section 4.3.1.   
 
Figure 21. The chromium concentration gradient over the whole electrodes 
4.4 Conclusion 
Three different kinds of ferritic stainless steels, bare Crofer 22H, commercially 
obtained CuMn2O4-coated, and lab-fabricated CuMn1.8O4-coated Crofer 22H were 
electrochemically tested as interconnects on LSM half-cells. The electrochemical 
performance and microstructure analysis results indicated that significant chromium 
poisoning as measured by elevated chromium enrichment ratios at the cathode/electrolyte 
interface was observed when bare Crofer 22H alloy was used as the current collector 
(simulating the interconnect exposed to cathode conditions in a complete SOFC). However, 
the chromium poisoning was significantly mitigated with coated Crofer 22H. With 
commercially obtained CuMn2O4-coated Crofer 22H, modest chromium poisoning was 
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only observed after 240 h cathodic current. No chromium poisoning was observed after 
336 h cathodic current with lab-fabricated CuMn1.8O4 coated Crofer 22H. These 
experiments clearly show that the dense lab-fabricated CuMn1.8O4 coating successfully 
mitigated the chromium poisoning by preventing chromium from diffusing into the vapor 
phase. 
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5 Conclusions  
	
In this work, electrolyte-supported half-cells with the conventional cathode 
material LSM, as the working and counter electrode, and YSZ as the electrolyte were 
performed in the presence of a Cr-environment as a function of current density (and thus 
cathode overpotential), and humidity levels (dry air or 10% humidified air) in the oxidant 
gas. When the cells were tested under zero current, no significate electrochemical 
degradation was observed, and microstructural characterization indicated that the TPBs 
were free of chromium. However, with cathodic current and humidity, major degradations 
of the electrochemical performance were observed and large amounts of Cr-containing 
solid species, such as (Cr,Mn)3O4-type spinel and Cr2O3 were found on the TPBs, which 
deteriorated the cell performance. Based on these experimental results, it was concluded 
that the cathodic current contributes to chromium poisoning in the cathode and the 
combination of humidity and cathodic current dramatically increases chromium poisoning.  
With the objective of mitigating the chromium poisoning observed in conventional 
LSM cathodes, LNO was studied as an alternative cathode material. Both electrolyte-
supported half-cells and an anode-supported full-cell featuring LNO as the working 
electrode/cathode were tested under a Cr-environment. It was observed that the chromium 
deposition at the TPBs was much reduced for LNO in comparison to LSM and therefore 
over the course of the experiment, the cell performance continually improved in contrast 
to the LSM cell which degraded under current application. Upon separation of the overall 
polarization loss into resistive (ohmic), concentration, and activation polarization 
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components using an electrochemical model from prior work, it was concluded that the 
higher tolerance of the LNO cathode to chromium poisoning, can be attributed to 
maintaining a low cathode activation polarization. Therefore, the interaction of the 
chromium vapor phase species with the LNO cathode must be different than the interaction 
observed for LSM cathodes. For LNO, the predominant oxygen point defects are oxygen 
interstitials, and therefore the oxygen vacancy concentrations are not expected to rise as 
rapidly with changing oxygen partial pressure across the LNO cathode as in LSM which 
occurs when cathodic current is applied. This causes no rise in the enrichment ratios across 
the LNO cathode thickness except at the TPBs where the oxygen partial pressure is 
expected to be the lowest. Thus, it helps LNO to maintain the low cathode activation 
polarization.  
Also, from the compositional analysis it can be seen that the Cr-enrichment ratio 
for the LNO cells increases as the distance from the TPBs increases, which indicates the 
existence of a chemical reaction on the surface of the LNO cathode. During the chemical 
reaction, the chromium dopes onto the B-site of the LaNiO3 perovskite-blocks in the 
La2NiO4 structure as was seen through an x-ray diffraction analysis which showed the 
presence of LaNiO3 on the surface of the cathode. Current short-term testing showed a 
saturation limit of chromium on the surface but it is possible that this saturation point is 
transient. Open questions still remain about the long-term electrochemical performance of 
the La2NiO4 cathode.   
Mitigation of Cr-poisoning by employing a coated Crofer 22H interconnect was 
also demonstrated in this work. Two different kinds of ferritic stainless steels, 
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commercially obtained CuMn2O4-coated, and lab-fabricated CuMn1.8O4-coated Crofer 
22H were electrochemically tested as interconnects on LSM half-cells. The 
electrochemical results were compared with the results for an uncoated Crofer 22H 
interconnect on a LSM half-cell which was run under identical conditions. Significate 
electrochemical degradation was observed for the uncoated Crofer 22H interconnect, while 
with commercially obtained porous CuMn2O4-coated Crofer 22H, only modest chromium 
poisoning was observed after 240 h of cathodic current, and no chromium poisoning was 
observed after 336 h of cathodic current with the dense lab-fabricated CuMn1.8O4 coated 
Crofer 22H. These experiments clearly show that the dense lab-fabricated CuMn1.8O4 
coating successfully mitigated the chromium poisoning by preventing chromium from 
diffusing into the vapor phase.		 	
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6 Scientific Contributions 	
In this work, the role of current density and humidity on chromium poisoning has 
been investigated with half-cells featuring LSM as the working electrode (cathode). Using 
such cells, the chromium poisoning effect has been studied by applying galvanostatic 
current interruption technique, by separating the ohmic and polarization resistances.  
Most prior studies have focused on studying the effect of chromium poisoning 
using electrochemical impedance spectroscopy (EIS). These prior studies have used 
equivalent circuit models to fit the impedance spectrum, whereby the activation 
polarization resistance and concentration polarization resistance can be separated. 
However, Matsuzaki et al. and Wang et al. have shown that the impedance spectrum under 
open circuit voltage did not correspond directly with the cell performance [53, 69] under 
DC polarization. This is due to the existence of an oxygen partial pressure gradient under 
a DC current density which does not exist under open circuit conditions (most impedance 
measurements are performed under open circuit conditions). Other scientists use GCI 
method to study the chromium poisoning effect [34,36,37,41]. However, with the GCI 
measurement, it is difficult to accurately deconvolute the activation polarization resistance 
from the concentration polarization.   
This research used GCI measurements, but was able to highlight the effect of 
activation polarization on chromium poisoning because the effect of concentration 
polarization was virtually eliminated by the use of thin cathodes. 
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According to Kim et al. [70], the cathodic limiting current density can be calculated 
by:  
i = 	 > >>>                                                                (1) 
where pO2
o  is the partial pressure of oxygen on the surface of the cathode surface, D>'> ¡¡  is the effective binary diffusivity of O2 and N2 in the cathode, lc is the thickness of 
the cathode, p is the total pressure in the cathode, F is Faraday’s constant, and R is the gas 
constant.  It can be seen from equation (1) that thinner electrodes will have larger limiting 
current densities. Therefore, the working electrode was deliberately made thin, 20 µm.  
Work done in our group using LSM cathode on full-cells [85] reveal the magnitude of the 
effective binary diffusivity D>'> ¡¡  to be about 0.024 cm2 s-1.  Thus the calculated cathodic 
limiting current density using this D>'> ¡¡  in equation (1) is approximately 14 A cm-2. 
Since the cathodic current density applied on the cell was only 50 mA cm-2, a factor of 280 
smaller than the calculated cathodic limiting current density, the contribution of 
concentration polarization in the measured polarization resistance can be safely neglected. 
Therefore, the polarization increase measured by the GCI technique is exclusively 
attributed to activation polarization.  
Further the chromium poisoning effect in our study was amplified by deliberately 
minimizing the TPB length.  Pure LSM was applied on the YSZ surface as the working 
electrode (cathode), which is unlike the composite LSM-YSZ active layer in SOFC 
cathodes. The TPB in our half cells, is limited to the geometrical interface between the 
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cathode (working electrode) and the electrolyte since the electrode LSM is a predominantly 
electronic conductor with very little oxygen ionic conductivity [86]. This limits the TPB 
length which limits the number of electrochemically active sites and therefore magnifies 
and exacerbates the degradation effects due to chromium poisoning in comparison to dual-
phase composite MIEC electrodes, LSM-YSZ.   
This research also shows the clear potential for LNO to be used as a chromium-
tolerant cathode material.  Although previous scientists have investigated the use of LNO 
as a cathode material many have focused on investigating the phase stability of LNO as a 
cathode under Cr-environment. The formation of LaNixCr1-xO3 were reported by Schrödl 
[78,87], and the formation of LaNiO3 and LaCrO3 was reported by Lee et al. [88]. As with 
LSM most prior studies on LNO have used electrochemical impedance spectroscopy (EIS) 
to evaluate the chromium poisoning effect of LNO half-cells [78,89,90]. However, the 
interpretation of the information from impedance spectra is very difficult due to the non-
uniqueness of the equivalent circuit models.   
In this work, as with LSM the GCI technique was applied with a thin electrode and 
small cathodic current density to isolate the activation polarization changes due to the 
chromium poisoning in a half-cell with LNO as the working electrode (cathode). Moreover, 
in a LNO full-cell, I-V measurements were performed and a polarization model was 
applied (as described in Chapter 4) to investigate the individual polarization losses due to 
chromium poisoning. Based on the evaluation, the higher tolerance of the LNO cathode to 
chromium poisoning can be clearly attributed to maintaining a low cathode activation 
polarization. 
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Further, according to the literature, at high temperatures, La-rich electrodes react 
with YSZ to form an insulating zirconia phase (i.e La2ZrO7) at the interface which increases 
the activation polarization [66, 91,92]. To avoid this reaction, a GDC buffer layer was 
applied between the LNO and YSZ. In this way, the cell performance of the LNO cell 
increases and the chromium poisoning effect in LNO cathode (working electrode) is 
emphasized during the testing without the confounding effects of the formation of the 
insulating La2Zr2O7 phase. 
	  
		
72 
7 Future Work 	
It is suggested that the future work of this project should focus on the following aspects. 
• Long-term electrochemical testing of full-cells with LNO cathodes under Cr-environments 
followed by a careful microstructural analysis with transmission electron microscopy 
(TEM) to identify the product of the chromium deposition process is suggested.  The aim 
is to verify that LNO has a higher Cr-poisoning tolerance than LSM under long-term 
service, and to understand the mechanism of both the chemical reaction and the 
electrochemical reaction associated with chromium poisoning in LNO.  
• Lab-fabricated dense CuMn1.8O4-coated Crofer 22H, and the new cathode material LNO 
have enormous potential in the mitigation of chromium poisoning separately. Long-term 
electrochemical testing by combining the new high chromium tolerant cathode material 
LNO and the lab-fabricated dense CuMn1.8O4 coated Crofer 22H should be performed. This 
combined approach may significantly mitigate chromium poisoning over the long term in 
SOFC cathodes.  
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